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Abstract
The distribution of corner (putative ultraviolet-sensitive) cones in the retina of Atlantic salmon was examined from the small
juvenile (parr) stage to the adult stage (approaching sexual maturation). Small parr weighing 5 g lacked corner cones everywhere
except, mainly, near the dorsal periphery. Large ﬁsh (5 kg) approaching sexual maturation showed corner cones in other areas of
the dorsal retina besides the periphery. These areas, characterized by low resolving power, had similar corner cone densities to
analogous areas in the smolt retina, suggesting that corner cones are formed in the periphery and incorporated into the dorsal retina
of the Atlantic salmon sometime during the smolt stage. This incorporation is partial both in numbers of cones and in location (only
the dorsal retina is aﬀected). These ﬁndings contrast with the situation in rainbow trout where corner cones from existing mosaics
are only partially lost from the ventral retina, if at all, and where production and incorporation of these cones into the dorsal retina
occurs throughout life. Thus, in salmonids, there are at least two diﬀerent strategies that determine retinal corner cone distribu-
tions.
 2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction
The retinas of salmonid ﬁshes possess specialized
cones that are maximally sensitive to ultraviolet (UV)
light (kmax: 360–390 nm, Bowmaker & Kunz, 1987;
Hawryshyn & Harosi, 1994; Kusmic, Barsanti, Passar-
elli, & Gualtieri, 1993). These cones occupy the so-called
corner position in the square mosaic that characterizes
the nuclear photoreceptor layer of salmonid retinas
(Novales Flamarique, 2001), facing the partitioning
membranes that appose adjacent double cones (Ahlbert,
1976; Bowmaker & Kunz, 1987; Engstr€om, 1963; Lyall,
1957). UV cones are therefore also known as corner or
accessory corner cones (Beaudet, Novales Flamarique,
& Hawryshyn, 1997; Bowmaker & Kunz, 1987). In At-
lantic salmon, UV cones are present throughout the
entire retina of newly hatched ﬁsh (Forsell, Ekstr€om,
Novales Flamarique, & Holmqvist, 2001; Kunz, 1987;
Kunz, Wildenburg, Goodrich, & Callaghan, 1994), but
are progressively lost as the animal grows (Kunz, 1987;
Kunz et al., 1994). Indeed, previous studies have shown
that the retinas of large Atlantic salmon juveniles
(termed smolts because they have undergone a physio-
logical transformation known as smoltiﬁcation that
readies them for life in saltwater) lack UV cones ev-
erywhere except along the peripheral growth zone
(Kunz, 1987, and personal observations of corner cones
labelled with a UV riboprobe). Two apoptotic events
appear responsible for this loss of UV cones (Kunz et al.,
1994). First, established UV cones in the main (non-
peripheral) retina are removed as the animal grows (the
retinas of ﬁshes grow throughout life by the addition of
new cells at the retinal margin, e.g. Johns, 1982). Sec-
ond, newly produced UV cones in the peripheral retina
fail to incorporate into the main retina (i.e., although
they are produced, they are not retained, but undergo
apoptosis). The almost complete loss of UV cones ob-
served in the retina of Atlantic salmon smolts (Kunz,
1987; Kunz et al., 1994) is diﬀerent from that occurring
in the non-anadromous rainbow trout where corner
cones are only lost from the lower half of the retina, if at
all (Martens, 2000; Novales Flamarique, 2001). In the
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rainbow trout, the distribution of corner (putative UV)
cones in the sexually mature adult is similar to that
found in the retina of the smolt (Beaudet et al., 1997;
Martens, 2000; Novales Flamarique, 2001), suggesting
that regeneration of UV cones in the main (non-
peripheral) retina, as previously hypothesized (Beaudet
et al., 1997), is minor or inexistent. Whether corner
cones are regenerated in the retina of the Atlantic sal-
mon is unknown.
In this study, I constructed topographic maps of
corner cones in the retina of Atlantic salmon at diﬀerent
life stages. These maps were used to identify the juvenile
stage when corner cones disappear from the retina and
any regeneration that may occur as the animal ap-
proaches sexual maturation.
2. Materials and methods
2.1. Animals
Atlantic salmon (Salmo salar) at the parr stage (total
length S:D: ¼ 4:8 0:6 cm, mass S:D: ¼ 5:4 0:8
g, n ¼ 5) were obtained from Sea Springs Hatchery
(Chemainus, BC, Canada), while smolts (total length
S:D: ¼ 26:4 2:4 cm, mass S:D: ¼ 162 38 g, n ¼
5) and large ﬁsh approaching sexual maturation (total
length S:D: ¼ 74 2:6 cm, mass S:D: ¼ 5:3 0:36
kg, n ¼ 5) were obtained from Heritage Aquaculture
(Campbell River, BC, Canada) and from Rosewall
Creek Hatchery (Vancouver Island, BC, Canada). The
large ﬁsh were gathered for processing in the aquacul-
ture plant prior to extensive gonad development. It is
assumed from their size, and external morphology (one
of them), that maturation had begun. These ﬁsh are
referred to as adults in later parts of the manuscript.
2.2. Histology
Following euthanasia of a given ﬁsh, the left eye was
marked for orientation by small incisions in the ventral
and temporal iris, extracted and immersed in primary
ﬁxative (2.5% glutaraldehyde, 1% paraformaldehyde in
0.06 M phosphate buﬀer, pH 7.3). After overnight ﬁx-
ation at 4 C, the retina was removed from the eyecup in
cold phosphate buﬀer and ﬂattened underneath a
transparent grid by making small radial incisions. The
retina was placed with the optic nerve head in the middle
of the grid and the ventral side downwards. This pro-
cedure permitted the analysis of similar retinal areas
between ﬁsh of the same developmental stage. The ret-
ina was then cut into 12–19 pieces (depending on ﬁsh
size) that corresponded to speciﬁc sectors on the grid.
These pieces were incubated in secondary ﬁxative (1%
osmium tetroxide) for 1 h at 4 C, dehydrated through a
series of increasing concentration of ethanol solutions
and embedded in Epon plastic. Thick (1 lm) tangential
sections were stained with Richardsons solution (1:1
mixture of 1% Azure II in dH2O and 1% methylene blue
in 1% NaB4O7 solution) and a quantitative analysis was
then performed. In Atlantic salmon, as in other salmo-
nids, the cones are arranged in a repeating square-like
mosaic formation at the nuclear level, which is diﬀerent
from the row mosaic found in other ﬁshes (e.g. the ze-
braﬁsh, Fig. 1). Each square mosaic unit consists of four
double cones (whose elliptical cross sections form the
‘‘sides’’ of the square), a center cone in the middle, and
corner cones at the extremities of the square. Corner
Fig. 1. Tangential (transverse) electron micrographs showing the two
major types of cone mosaics in ﬁsh retinas at the nuclear level. (A and
B) Square mosaic unit (black outline) in a salmonid ﬁsh, the rainbow
trout, and corresponding drawing of the cones outlines. Double cones
(d) form the sides of the unit square, with a center cone (c) in the
middle, and accessory corner cones (a) at the corners. (C and D) Row
mosaic in a cyprinid ﬁsh, the zebraﬁsh, and corresponding drawing of
cones outlines. Long cones (Lc) and short cones (Sc) alternate posi-
tions forming rows (black lines) in between those formed by the double
cones (Dc). Double cones in either ﬁsh have apposing members that
are maximally sensitive to green and red light, respectively. Centre
cones (in salmonids) and long cones (in zebraﬁsh) are maximally
sensitive to blue light, and accessory corner cones (in salmonids) and
short cones (in zebraﬁsh) are maximally sensitive to UV light. Mag-
niﬁcation bar ¼ 3 lm (in A) and 5 lm (in C).
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cones face the partition membranes of adjacent double
cones, whereas center cones do not (Fig. 1). Cone den-
sities were determined for each cone type at each loca-
tion by counting the number of cones in a 25,000 lm2
(for the parr ﬁsh) and in a 64,000 lm2 area (for the smolt
and large, adult, ﬁsh) using a Zeiss Universal R Mi-
croscope equipped with a 40 objective (60–80 total
magniﬁcation). The numbers were then converted into
numbers of cones per mm2. To compute cone packing
(i.e. the percentage of the area occupied by a given cone
type), a computerized image analysis system (Optimas
Corp.) was used to measure the ellipsoid area of 10
cones of each type per retinal sector (see Beaudet et al.,
1997). Ellipsoid areas were measured at the level of
largest cross sectional area for each cone type, identiﬁed
by sequential sectioning of the entire photoreceptor
layer in 1 lm steps. Cone packing was calculated as the
product of cone density and average cone area.
2.3. Resolving power of the retina
Sixty four ﬁsh of diﬀerent size were sacriﬁced to
measure lens diameter and to obtain relationships be-
tween this variable, total length, and mass. The lens
radius ðrÞ was then used to calculate the minimum angle
for stimulation of two non-neighbouring cones ðaÞ using
the formula in Tamura and Wisby (1963):
sinðaÞ ¼ ð1=f Þf½0:1 ð1þ SÞ  2
=n1=2g
where f (the focal length in mm) was approximated
from Matthiessens ratio (f ¼ 2:55r), S is the degree of
shrinkage (average of 21% in this study), and n is the
density of cones (in total) per 0.01 mm2 area (see also
Blaxter & Pattie Jones, 1967). Assuming a good quality
lens, the minimum separable angle determines the
maximum resolving power of the retina. Since corner
cone distributions change in salmonid retinas through-
out development, it is of particular relevance to assess
how these alterations may aﬀect the minimum separable
angle.
To assess resolving power with age, the average
minimum separable angle was calculated for the entire
retina at a given stage by pooling the mean values from
each location. To detect diﬀerences in resolving power
between the upper (dorsal) retina and the lower (ventral)
retina, the following locations were pooled together per
stage (see Fig. 4): parr ventral (1, 2, 3, 6, 12), parr dorsal
(5, 7, 8, 9, 11), smolt ventral (J, K, L, M, N, O), smolt
dorsal (B, C, D, E, F, G), adult ventral (VII, VIII, IX,
X, XI, XII), and adult dorsal (XIII, XIV, XV, XVI,
XVII, XVIII, XIX). Comparisons between and within
stages (parr, smolt and adult) were performed using
ANOVA with Student-Neuman–Keuls and Tukey
grouping tests evaluated at the 0.05 signiﬁcance level.
All animal handling procedures were approved by the
Animal Care Committee of Simon Fraser University,
which follows the guidelines set by the Canadian
Council for Animal Care.
3. Results
3.1. Cone distributions
Previous studies have indicated that the recently
hatched Atlantic salmon possesses corner (UV-sensitive)
cones throughout the retina (mass  1–2 g, Forsell et al.,
2001; Kunz et al., 1994). By the time the ﬁsh weighs
5 g, all the corner cones have disappeared from the
retina except along the dorsal periphery, primarily
(Fig. 2A and B). At this stage, the ﬁsh retains vertical
‘‘parr’’ marks along its body and has not undergone the
process of smoltiﬁcation yet. Corner cones remain ab-
sent almost completely from the main (non-peripheral
growth zone) part of the retina at the smolt stage
(Fig. 2C); the only exceptions are scattered instances of
single corner cones near the periphery (Fig. 2D), and
around the centro-ventral retina (in proximity to the
embryonic ﬁssure, Kunz, 1987; Kunz et al., 1994). As
the animal approaches sexual maturation, however,
corner cones are found in a larger proportion of the
dorsal retina, though they are not ubiquitous in the
mosaic (Fig. 2E). The majority of the retina does not
show corner cones at this stage either (Fig. 2F).
As in the parr and smolt retinas, corner cones pro-
duced along most of the peripheral retina in the ﬁsh
approaching sexual maturation are not incorporated
into the main retina (Fig. 3A). On two occasions, near
the nasal periphery, triple cones occupied a large area of
the retinal surface (Fig. 3B). In these instances, the
mosaic also comprised unusually large single cones
scattered among normal size cones (Fig. 3B). The square
mosaic present in most of the retina shows double cones
with nuclei that stain diﬀerently between members (Fig.
3C), as observed for the rainbow trout (Fig. 1; Novales
Flamarique, 2001). Double cone members with similar
stain alternate around the unit square mosaic (Fig. 3C).
Total cone densities are always higher in the centro-
ventro-temporal sector of the retina and along the
periphery (Table 1, Fig. 4). On average, there is a pro-
gressive decline in cone densities as the animal grows
(the average double cone densities  S:D: were 9140
1920 (parr), 5670 2020 (smolt), and 2170 693
(adult); one-way ANOVA: F2;44 ¼ 74:81, P < 0:0001).
Corner cone densities are low compared to those of
other cone types and the highest numbers occur near the
dorsal periphery (Table 1, Fig. 4). Cone packing trends
do not necessarily follow those of cone densities; the
highest cone packing numbers are often found near
the central retina and around the ventro-temporal and
naso-dorsal peripheries (Table 1, Fig. 4). The average
cone packing is statistically the same regardless of
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developmental stage (double cone packing means S:D:
were 47% 8% (parr), 54% 14% (smolt), and 52%
13% (adult); one-way ANOVA: F2;44 ¼ 0:99, P ¼ 0:377).
Corner cone densities for locations of similar ec-
centricity show statistical diﬀerences between stages
(one-way ANOVA for locations 9, A, B and XV,
F3;19 ¼ 48:18, P < 0:001; Fig. 4; n ¼ 5 per location). A
Student-Newman–Keuls grouping test performed on the
ANOVA results (with a ¼ 0:05) revealed that location 9
is statistically diﬀerent from all others, A is similar to B,
B is similar to XV, but A and XV are diﬀerent from each
other. The average cone densities in location C (smolt
retina) and XVI (adult retina) are statistically similar
(one-way ANOVA, F1;9 ¼ 1:49, P ¼ 0:256; Fig. 4; n ¼ 5
per location). Thus, dorsal corner cone densities 6 and
8.5 mm away from the retinal center are similar in the
smolt and adult retinas. The former location (6 mm)
represents the lower tip of the corner cone distribution
in the smolt and adult retinas (Fig. 5B and C).
The distribution of corner cones throughout the life
history of Atlantic salmon is diﬀerent from that of
rainbow trout (Fig. 5). In Atlantic salmon, corner cones
are lost almost entirely from the retina prior to smol-
tiﬁcation (Fig. 5A), while in rainbow trout these cones
become absent only from the ventral retina (Fig. 5D),
and when the animal is larger (Novales Flamarique,
2001). Corner cones reappear in the upper dorsal retina
of the Atlantic salmon (Fig. 5B and C), whereas the
distributions of corner cones in the smolt and adult
rainbow trout are similar (Fig. 5E and F; Novales Fla-
marique, 2001).
3.2. Resolving power
Lens diameter shows a very strong correlation with
both ﬁsh total length and mass (Fig. 6). The average
minimum resolvable angle for the entire retina decreases
as the animal grows (Tables 1 and 2; one-way ANOVA,
F2;46 ¼ 305:71, P < 0:001), i.e. the overall resolving
power improves with age. The minimum resolvable an-
gle is also smaller on average for pooled locations in the
ventral retina in comparison to pooled locations from
the dorsal retina (Table 2; one-way ANOVA, F5;33 ¼
305:71, P < 0:001). However, it is only at the smolt stage
that the angle corresponding to the ventral retina is sig-
niﬁcantly lower than that corresponding to the dorsal
Fig. 2. Retinal mosaics in Atlantic salmon at diﬀerent developmental stages. (A) In the dorsal periphery of the parr ﬁsh, the square mosaic consists of
double cones (d) forming the sides of the ‘‘square’’, with a centre (c) cone in the middle, and accessory corner (UV) cones (a) at the corner positions,
when present. (B) Most of the parr retina shows a square mosaic without corner cones. (C) Square mosaic without corner cones in the retina of the
smolt. (D) Isolated corner cones from the peripheral retina; corner cones occur infrequently in the smolt retina. (E) Square mosaic with corner cones
in the dorsal retina of ﬁsh approaching sexual maturation (adults). (F) Most of the adult retina shows a square mosaic without corner cones. The
magniﬁcation bar in (A) equals 15 lm (A–D) and 25 lm (E and F).
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retina. Pooled results for the ventral and dorsal sectors
of the retina are statistically diﬀerent between stages, as
would be expected from the overall retina results.
4. Discussion
4.1. Two strategies for corner cone distributions in the
retinas of salmonid ﬁshes
Atlantic salmon recently hatched have corner cones
throughout the retina (Forsell et al., 2001). Some time
during the parr stage (consisting of small juveniles with
‘‘parr’’ marks along their bodies) the corner cone dis-
tribution becomes primarily restricted to the periphery
of the dorsal retina (Table 1, Fig. 5A). This almost-
complete loss of corner cones from the retina is also
found in the retina of the anadromous (sea-going)
brown trout (Ahlbert, 1976; Bowmaker & Kunz, 1987;
Kunz, 1987; Lyall, 1957), but contrasts with the partial
absence of corner cones reported in the non-anadrom-
ous rainbow trout (Martens, 2000; Novales Flamarique,
2001) and, to a lesser extent, in the sockeye salmon
(Novales Flamarique, 2000). In the rainbow trout, cor-
ner cones persist throughout the dorso-temporal retina
of the smolt (Martens, 2000), whereas in the sockeye
salmon smolt, corner cones are concentrated along the
centro-dorsal retina (Novales Flamarique, 2000).
By the time the Atlantic salmon attains a retinal size
of 6 mm in radius, the present results suggest that
small numbers of corner cones produced in the retinal
periphery become incorporated into the main retina
(locations B and XV are statistically similar, and more
dorsal locations––C and XVI––contain similar corner
cone densities at both the smolt and adult stages; Fig. 4).
There thus appears to be a switch from lack of corner
cone retention at the parr stage (locations 9 and A are
statistically diﬀerent, and 9 comprises corner cones, Fig.
4) to some incorporation (i.e. production and retention)
at the smolt stage. These results also suggest that re-
generation of corner cones into existing mosaics should
be minimal, if any, since the cone densities observed in
the dorsal retina of the adult can be ascribed to pe-
ripheral production and retention, at the young smolt
stage, coupled to retinal stretching. Likewise, in rainbow
trout, regeneration of corner cones in the main retina
should be minor judging from the similar distributions
of this cone type in the smolt and adult retinas (Fig. 5E
and F; Novales Flamarique, 2001).
Together, the above results suggest the existence of at
least two pathways for corner (putative UV-sensitive)
cone distributions in salmonid retinas. The ﬁrst, exem-
pliﬁed by the Atlantic salmon, involves an almost com-
plete loss of corner cones from the juvenile retina
followed by a partial re-incorporation in the dorsal retina
of the adult. The second, exempliﬁed by the rainbow
trout, involves a gradual disappearance of corner cones
from the ventral retina of the juvenile and minor regen-
eration, if any, in the dorsal retina of the adult. In the
Atlantic salmon, lack of incorporation (retention) of
corner cones in the juvenile occurs throughout the retinal
periphery (Kunz et al., 1994) while in the rainbow trout,
this lack of incorporation is restricted to the lower retina
(Novales Flamarique, 2001). In the Atlantic salmon,
corner cones disappear from the main (non-peripheral)
retina (present results, Kunz et al., 1994) while in the
rainbow trout, the disappearance may be primarily due to
retinal growth coupled to lack of corner cone incorpo-
ration, and not to apoptosis (cell death) of corner cones in
the main retina per se (Novales Flamarique, 2001).
4.2. Factors that may inﬂuence the timing of corner cone
loss
The process of smoltiﬁcation in salmonid ﬁshes is con-
trolled by several hormones including growth hormone,
Fig. 3. (A) Corner cones (white arrowheads) produced in the temporal
periphery (P) are not incorporated into the main retina (M), as shown
by the absence of this cone type towards the main retina. (B) Random
mosaic with triple cones (t, arrows) and large single cones in the nasal
periphery. (C) The nuclei of double cone members stain diﬀerently
from each other; the intensity of the stain (Azur II/methylene blue)
alternates around the unit square mosaic. Abbreviations as in Fig. 2.
Magniﬁcation bar in (A) equals 25 lm (A and B) and 16 lm (C).
I. Novales Flamarique / Vision Research 42 (2002) 2737–2745 2741
cortisol and thyroid hormone (Clarke, Saunders, &
McCormick, 1996). Thyroid hormone changes body
colouration, erasing the vertical ‘‘parr’’ marks and trans-
forming the ﬁsh into a silver-coloured smolt (Clarke
et al., 1996). Previous studies have reported that the
precursor form of this hormone ðT4Þ can induce the
loss and regeneration of corner cones from established
mosaics in the main retina of rainbow trout (Browman
& Hawryshyn, 1992, 1994a,b). However, recent studies
on rainbow trout smolts (Martens, 2000) and our pre-
liminary experiments with rainbow trout parr and At-
lantic salmon parr and smolts show that T4 does not
aﬀect corner cone distributions in the main retina of
these animals, though it does change body colouration
Table 1
Cone statistics for the retinal locations depicted in Fig. 4 (n ¼ 5 per location)
Stage Loc d (S.D.) d=c (S.D.) d=a (S.D.) Average packing (%)
dp cp ap a ()
P 1 9600 (846) 2.01 (0.04) 1 50 12 <1 0.57
P 2 11,600 (526) 2.04 (0.21) 1 48 13 <1 0.52
P 3 12,100 (580) 2.11 (0.15) 1 42 10 <1 0.51
P 4 8560 (837) 2.03 (0.05) 1 52 13 <1 0.60
P 5 7840 (931) 2.06 (0.03) 12.85 (0.14) 51 12 <1 0.61
P 6 10,500 (263) 2.00 (0.05) 1 56 14 <1 0.53
P 7 6740 (351) 1.99 (0.02) 1 43 11 <1 0.67
P 8 6110 (617) 2.27 (0.12) 2.32 (0.09) 34 8 7.3 0.64
P 9 7990 (936) 2.41 (0.56) 4.12 (0.24) 48 11 7 0.59
P 10 8950 (621) 1.99 (0.05) 1 49 12 <1 0.59
P 11 11,100 (683) 2.13 (0.07) 3.18 (0.06) 53 13 8 0.48
P 12 8320 (794) 2.01 (0.04) 264 (95) 46 12 <1 0.61
S A 7210 (699) 2.02 (0.01) 356 (103) 75 19 <1 0.27
S B 4980 (332) 2.05 (0.13) 22 (8.5) 60 15 <1 0.32
S C 4210 (559) 2.00 (0.14) 7.71 (3.0) 63 16 <1 0.34
S D 4800 (342) 2.07 (0.15) 25.4 (11) 48 12 <1 0.33
S E 4140 (402) 2.04 (0.12) 1 39 10 <1 0.36
S F 3840 (223) 1.97 (0.11) 1 42 11 <1 0.37
S G 3390 (451) 1.98 (0.09) 1 41 10 <1 0.39
S H 6100 (742) 2.02 (0.21) 1 73 18 <1 0.29
S I 7310 (623) 2.11 (0.10) 347 (125) 34 21 <1 0.27
S J 10,500 (517) 2.00 (0.02) 113 (45) 63 15 <1 0.22
S K 4420 (249) 2.15 (0.05) 1 40 10 <1 0.35
S L 4690 (389) 1.92 (0.02) 1 51 14 <1 0.33
S M 5400 (600) 2.06 (0.13) 307 (117) 68 16 <1 0.32
S N 8300 (816) 1.86 (0.14) 1 52 15 <1 0.25
S O 6380 (526) 2.05 (0.11) 1 44 19 <1 0.28
A I 1430 (185) 1.95 (0.09) 1 62 16 <1 0.24
A II 2110 (451) 1.91 (0.11) 1 47 12 <1 0.20
A III 2710 (295) 1.81 (0.17) 50.3 (18.5) 62 16 <1 0.17
A IV 2170 (316) 1.98 (0.09) 58.1 (19.1) 51 14 <1 0.20
A V 1500 (198) 2.05 (0.09) 1 40 10 <1 0.24
A VI 1900 (514) 1.97 (0.22) 183 (44) 57 15 <1 0.21
A VII 1920 (334) 2.04 (0.21) 24.1 (12) 40 9 1 0.21
A VIII 1800 (413) 2.02 (0.12) 19.3 (9) 48 11 1 0.21
A IX 2530 (533) 2.00 (0.09) 1 54 13 <1 0.18
A X 4470 (852) 1.92 (0.11) 1 70 18 <1 0.14
A XI 2500 (536) 1.98 (0.08) 208 (69) 64 16 <1 0.18
A XII 1980 (395) 2.04 (0.06) 74 (32) 52 12 <1 0.21
A XIII 1600 (233) 2.05 (0.11) 1 47 11 <1 0.23
A XIV 2420 (384) 1.95 (0.16) 14.8 (6.3) 56 15 2 0.18
A XV 1700 (418) 2.02 (0.15) 9.6 (2.0) 24 11 3 0.22
A XVI 2410 (514) 2.27 (0.09) 5.8 (2.1) 67 16 6 0.18
A XVII 2510 (645) 2.12 (0.08) 7.3 (4.8) 75 19 6 0.18
A XVIII 1310 (178) 1.98 (0.16) 7.3 (6.5) 46 12 4 0.24
A XIX 2300 (564) 2.80 (0.21) 4.2 (2.6) 49 9 6 0.19
Abbreviations: P, parr; S, smolt; A, adult; loc, retinal location; d, double cone density (per mm2); d=c, double cone to center cone ratio; d=a, double
cone to accessory corner cone ratio; dp, double cone packing; cp, center cone packing; ap, accessory corner cone packing; a (), minimum resolvable
angle. In the computation of d=a, the inﬁnity symbol (1) is the result of division by zero.
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to silver. The fact that corner cones are lost during the
parr stage of Atlantic salmon (Fig. 5A), when no ex-
ternal signs of smoltiﬁcation are visible, support the
ﬁndings that thyroid hormone is not directly inducing
the loss of corner cones (since peak plasma thyroid levels
occur several weeks after the start of the smoltiﬁcation
process; Alexander, Sweeting, & McKeown, 1994).
Previous studies (involving behavioural recordings and
histology) on the eﬀects of T4 on corner cone distribu-
tions in rainbow trout focused on the ventral retina
(Browman & Hawryshyn, 1992, 1994a,b). Because cor-
ner cone densities in this area of the retina vary naturally
due to retinal growth and lack of corner cone incorpo-
ration from the periphery (Novales Flamarique, 2001),
Fig. 5. Ontogeny of corner cone distribution in the retina of Atlantic salmon (A–C) in comparison with that of rainbow trout (D–F). (A) The
hatched Atlantic salmon (alevin) has corner cones throughout the retina (union of full line and dash line), while the parr lacks corner cones ev-
erywhere except along the dorsal periphery primarily (union of full line and retinal perimeter). (B) The smolt has corner cones in the upper dorsal
retina. (C) Fish that approach sexual maturation (adults) show corner cones in various dorsal retinal locations. (D) The rainbow trout alevin shows
corner cones throughout the retina (union of full line polygon and dashed line), while the parr lacks corner cones in the lower half of the ventral
retina (full line polygon, redrawn from Novales Flamarique, 2001). (E) The rainbow trout smolt shows corner cones throughout the dorsal and
temporal areas of the retina (redrawn from Martens, 2000). (C) The reproductive adult has corner cones in the dorsal and temporal areas of the
rainbow trout retina (redrawn from Beaudet et al., 1997). Abbreviations and magniﬁcation bar as in Fig. 4.
Fig. 4. Retinal locations sampled for the three developmental stages (parr, smolt and adult). Locations with larger circles (d) in (A–C) and (D–F)
have densities or cone packing numbers, respectively, at least one standard deviation above the overall mean. D: dorsal retina; N: nasal retina.
Magniﬁcation bar equals 3 mm (A and D), 8 mm (B and E) and 14 mm (C and F).
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the eﬀects of T4 treatment could have been confounded
with those of natural growth. This provides an alter-
native interpretation that reconciles results from previ-
ous studies.
The present results also suggest that corner cone
disappearance need not be associated with the smoltiﬁ-
cation process, nor with the passage from freshwater to
saltwater, at least in the Atlantic salmon. It is possible
that other variables (e.g. size) that are less dependent on
environmental factors (such as the increased light in-
tensity and water temperature associated with smoltiﬁ-
cation, Clarke et al., 1996) may trigger the hormonal
signals that dictate the apoptosis or retention of corner
cones. Alternatively, traditional external signs of smol-
tiﬁcation (i.e. loss of parr marks and elongation of body)
may not apply to Atlantic salmon, though this is un-
likely; this species usually smolts at 12–18 cm fork
length (Clarke et al., 1996), which is 4–5 times the size
of the parr ﬁsh examined in this study.
4.3. Trends in cone densities and cone packing
The high double cone densities observed in the cen-
tro-ventro-temporal quadrant and the peripheral parts
of the retina are in accordance with trends observed in
the retinas of Atlantic salmon (Ahlbert, 1976) and in
those of several other salmonid species (Beaudet et al.,
1997; Novales Flamarique, 2000, 2001). It is believed
that the ventro-temporal retina, where high cone den-
sities are found, is an area of high resolving power
specialized for the capture of small prey located in front
and above the ﬁsh (Ahlbert, 1976). This is generally
substantiated by the present ﬁndings, though statistical
diﬀerences in resolving power as a function of retinal
sector were only found for the smolt stage. Corner cones
in the Atlantic salmon are mostly associated with the
dorsal retina, an area of lower resolving power (Table 2,
see also Beaudet et al., 1997 for similar conclusions with
adults of Paciﬁc salmon species). This is consistent with
the high scattering of UV light in the water column,
suggesting that UV receptors should not improve re-
solving power substantially. The overall improvement in
resolving power with age is due to an increase in lens
diameter (by a factor of 6 from the parr to the adult
stage) which compensates for the loss in cone density (by
an overall retinal factor of 4 from the parr to the adult
stage). The high cone densities found along the periph-
ery, which also occur in other ﬁshes besides the salmo-
nids (Ahlbert, 1969), may serve in the early detection of
predators (Lythgoe, 1979), that usually attack at oblique
angles (personal SCUBA diving observations).
It is interesting to note that although the density of
cones decreases with growth, the average area occupied
by these photoreceptors remains similar (Table 1). This
implies that cone growth compensates for the stretching
that occurs during retinal expansion. Such a phenome-
non is important if the ﬁsh is to maintain the same
spectral photon catch on each sector of the retina
Fig. 6. Relationships (n ¼ 64 each) between (A) lens diameter and
total ﬁsh length and (B) lens diameter and ﬁsh mass. Both relationships
are accurately described by power functions ðR2 > 0:95Þ.
Table 2
Minimum separable angle at diﬀerent developmental stages
Stage Location a () (S.D.)
P Average 0.58 (0.05)
S Average 0.31 (0.05)
A Average 0.20 (0.03)
P Ventral 0.55 (0.04)
P Dorsal 0.58 (0.07)
S Ventral 0.29 (0.05)
S Dorsal 0.35 (0.03)
A Ventral 0.19 (0.03)
A Dorsal 0.20 (0.03)
Average values indicate the means from all retinal locations at a given
stage. Ventral and dorsal values are the means for the ventral and
dorsal retinal sectors speciﬁed in the text (see Section 2). Abbreviations
as in Table 1.
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throughout life. The selective advantage of altering the
mosaic by a progressive loss of corner cones remains
unknown.
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